In systemic lupus erythematosus (SLE), self-reactive antibodies can target the kidney (lupus nephritis), leading to functional failure and possible mortality. We report that activation of basophils by autoreactive IgE causes their homing to lymph nodes, promoting T helper type 2 (T H 2) cell differentiation and enhancing the production of self-reactive antibodies that cause lupus-like nephritis in mice lacking the Src family protein tyrosine kinase Lyn (Lyn −/− mice). Individuals with SLE also have elevated serum IgE, self-reactive IgEs and activated basophils that express CD62 ligand (CD62L) and the major histocompatibility complex (MHC) class II molecule human leukocyte antigen-DR (HLA-DR), parameters that are associated with increased disease activity and active lupus nephritis. Basophils were also present in the lymph nodes and spleen of subjects with SLE. Thus, in Lyn −/− mice, basophils and IgE autoantibodies amplify autoantibody production that leads to lupus nephritis, and in individuals with SLE IgE autoantibodies and activated basophils are factors associated with disease activity and nephritis.
SLE is a complex disease affecting various organs and may result in death when kidney damage (lupus nephritis) is severe 1, 2 . Lupus nephritis is characterized by IgM-, IgG-and IgA-containing immune complexes deposited in the glomeruli. These immune complexes are formed by autoantibodies with specificity to nuclear components (antinuclear antibodies (ANA)) or to nucleic acids (such as doublestranded DNA (dsDNA)). However, little is known about how B cells are activated in SLE and thus, increased understanding of this process may uncover new therapeutic strategies.
Although there is considerable evidence for the role of T H 1, T H 17 and regulatory T cells in SLE [3] [4] [5] [6] [7] [8] [9] [10] , several studies suggest a possible T H 2 contribution [11] [12] [13] . Given that SLE is a disease with a strong humoral response 14, 15 , it seems reasonable that SLE may have a T H 2 component, as increases in IgE concentration and the presence of autoreactive IgE in the sera of some people with SLE, without any associated increased atopy or allergy, have been reported 16 . Nonetheless, there is considerable uncertainty as to whether T H 2 cytokines (such as interleukin-4 (IL-4)) and IgE contribute to SLE and what cell type might be responsible for such contribution.
We and others [17] [18] [19] have previously reported that Lyn −/− mice develop a strong and constitutive T H 2 skewing in early life and show exacerbated responses to T H 2 challenges. In late life, Lyn −/− mice develop an autoimmune disease that mimics some of the features of human SLE [20] [21] [22] . Lyn −/− mice have circulating autoantibodies to dsDNA and ANA. Glomerular deposition of circulating immune complexes (CICs) in these mice results in kidney damage and ultimately in death. Notably, a genetic association of LYN with SLE, in a European-American population, was recently reported 23 .
Additionally, B cells from some individuals with SLE express reduced levels of Lyn kinase 24 . Thus, Lyn −/− mice provide a reasonable model to explore the influence of a T H 2 environment on the development of lupus-like nephritis.
We explored whether the T H 2 skewing of Lyn −/− mice has a role in the development of late-life lupus-like nephritis and whether similar characteristics might be seen in people with SLE. We found that the T H 2 phenotype is a contributory factor in the development of lupus-like nephritis in Lyn −/− mice and is also associated with lupus nephritis in human SLE. Of note, the findings identify basophils and self-reactive IgE as key components in the development of autoantibody-mediated kidney disease.
RESULTS

IL-4-and IgE-dependent lupus-like nephritis in
Lyn −/− mice Consistent with our previous results 18 , basophil-dependent T H 2 skewing was still present in aged Lyn −/− mice ( Supplementary  Fig. 1 ) that develop an SLE-like disease. To study the role of the T H 2 environment in the development of the SLE-like phenotype, we used mice deficient in both IgE and Lyn (Igh-7 −/− ;Lyn −/− ), both IL-4 and Lyn (Il4 −/− ;Lyn −/− ) or both mast cells and Lyn (Kit W-sh/W-sh ;Lyn −/− ) 18 . Igh-7 −/− ;Lyn −/− , Il4 −/− ;Lyn −/− and Kit W-sh/W-sh ;Lyn −/− mice developed a peripheral B cell defect that was comparable to Lyn −/− mice and showed high IgM and IgA concentrations in the serum ( Supplementary  Figs. 2-6 ), indicating that IL-4 and IgE were not involved in these abnormalities. The levels of IgE and IgG in Igh-7 −/− ;Lyn −/− and Il4 −/− ;Lyn −/− mice showed a similar trend to the phenotype reported for Igh-7 and Il4 single-deficient mice 25, 26 and differed from the levels in Lyn −/− mice ( Supplementary Fig. 5 ). IgE also contributed to the previously reported 17 increase in mast cell numbers seen in Lyn −/− mice ( Supplementary Fig. 7 ), consistent with a role for IgE in mast cell survival 27, 28 . In contrast, the previously described basophilia in Lyn −/− mice was independent of both IL-4 and IgE 18 ( Supplementary Fig. 7) .
Unlike Lyn −/− and Kit W-sh/W-sh ;Lyn −/− mice, Igh-7 −/− ;Lyn −/− and Il4 −/− ;Lyn −/− mice did not develop glomerulonephritis (Fig. 1a,b and Supplementary Fig. 8 ). Glomerular deposits of CICs containing IgG (Fig. 1c) , IgM, IgA and complement factor 3 (C3) (Supplementary Fig. 9a-c) were markedly reduced in the kidneys of Igh-7 −/− ;Lyn −/− and Il4 −/− ;Lyn −/− mice but were still present in the kidneys of Kit W-sh/W-sh ;Lyn −/− at comparable levels to Lyn −/− mice ( Fig. 1c and Supplementary Fig. 9a-c) . Kidney function (as measured by the albumin-to-creatinine ratio (ACR) in the urine) was rescued in Igh-7 −/− ;Lyn −/− and Il4 −/− ;Lyn −/− mice, whereas the ACR was elevated to a similar degree in both Kit W-sh/W-sh ;Lyn −/− and Lyn −/− mice (Fig. 1d) . These findings show that the lupus-like nephritis observed in Lyn −/− mice is dependent on IgE and IL-4 but independent of mast cells.
Basophils support autoreactive plasma cells in Lyn −/− mice Aged Lyn −/− mice produce large amounts of autoantibodies against dsDNA and nuclear antigens (Fig. 2a,b) , which cause the damage seen in the kidney 29, 30 . We explored if the recovery of kidney function in Igh-7 −/− ;Lyn −/− and Il4 −/− ;Lyn −/− mice was associated with a concomitant decrease in autoantibody production and found a two fold decrease in anti-dsDNA and ANA when compared to Lyn −/− and Kit W-sh/W-sh ;Lyn −/− mice (Fig. 2a,b) . Depletion of basophils in aged Lyn −/− mice (>32 weeks) or in younger Kit W-sh/W-sh ;Lyn −/− mice (~20 weeks) markedly reduced the amount of ANA autoantibodies (Fig. 2c,d) . Loss of basophils also decreased the proportion of plasma cells in the spleen (Fig. 2e) and reduced the pro-inflammatory environment in the kidney ( Fig. 2f and Supplementary Fig. 10) . Collectively, the findings show that basophils support plasma cells in the spleen and amplify the production of autoantibodies in an IL-4 and IgE-dependent manner, leading to kidney disease in Lyn −/− mice.
Lyn −/− mice produce basophil-activating self-reactive IgE Our findings showed that the SLE-like phenotype depends on IgE, thus we investigated whether self-reactive IgE could be found in the circulation of these mice, and whether these activate FcεRI-bearing basophils. Sera from Lyn −/− and Kit W-sh/W-sh ;Lyn −/− mice had high levels of dsDNAspecific IgE (Fig. 3a) and ANA-specific IgE (data not shown) as compared to their wild-type (WT) counterparts. The amount of self-reactive IgEs was reduced in Il4 −/− ;Lyn −/− mice and, as expected, self-reactive IgEs were not detected in Igh-7 −/− ;Lyn −/− mice (Fig. 3a) . We purified CICs as previously described 31 and found IgE-containing CICs (IgE-CICs) in varying amounts in all of the sera from Lyn −/− and Kit W-sh/W-sh ;Lyn −/− mice ( Fig. 3b and Supplementary Fig. 11a,d) , whereas the sera of Il4 −/− ; Lyn −/− and Igh-7 −/− ;Lyn −/− mice were essentially devoid of IgE-CICs ( Fig. 3b and Supplementary Fig. 11d ). We observed IgG-containing ( Fig. 3b) and IgM (Supplementary Fig. 9 ) and IgA-containing CICs in all of the mutant strains of mice, but we also observed a marked reduction in these CICs in Il4 −/− ;Lyn −/− and Igh-7 −/− ;Lyn −/− mice, correlating with the reduced amount of autoantibodies found in these mice ( Fig. 3c and Supplementary Fig. 11b,c,e) .
We next examined whether IgE or IgG immune complexes could stimulate basophil IL-4 production. Whereas IgE immune complexes were able to induce IL-4 production by basophils, IgG immune complexes failed to stimulate basophil IL-4 production ( Fig. 3d and Supplementary Fig. 12a,b) . Moreover, basophils from Lyn −/− mice showed increased sensitivity to IgE immune complexes as compared to their WT counterparts ( Fig. 3d and Supplementary Fig. 12a) . Notably, all of the stimuli tested (phorbol 12-myristate 13-acetate plus ionomycin, dinitrophenyl-specific IgE plus dinitrophenyl-HSA (antigen), IgE immune complexes and IgG immune complexes) failed to induce IL-12 p40 or interferon-γ (IFN-γ) production by basophils from WT or Lyn −/− mice ( Supplementary Fig. 12c,d ). These findings demonstrate that the presence of IgE immune complexes (which are present as circulating IgE-CICs in Lyn −/− mice) can lead to basophil activation and selective T H 2 cytokine expression.
Lyn −/− basophils express immunoregulatory molecules We next explored whether basophils can home to the secondary lymphoid tissues of Lyn −/− mice, where they might influence (Fig. 4b) . Lyn −/− mice had high numbers of basophils in both the lymph nodes (cervical and inguinal) and spleen ( Fig. 4c,d ). In the lymph nodes, the proportion of basophils was markedly reduced when IL-4 or IgE were also absent (Il4 −/− ; Lyn −/− and Igh-7 −/− ;Lyn −/− mice) but not when mast cells where absent (Kit W-sh/W-sh ;Lyn −/− mice) (Fig. 4c) . We also observed some Statistical analysis was by a two-tailed unpaired (a,b,e,f) or paired (c,d) Student's t test; *P < 0.05; **P < 0.01; ***P < 0.001.
IgE levels (arbitrary units) *** *** * a b reduction in basophil numbers in the spleen, but it was not as marked as in the lymph nodes (Fig. 4d) .
Owing to the basophilia seen in the absence of Lyn, there was no significant difference in the proportion of circulating basophils for any of the studied strains (Fig. 4e) . We also found that lymph node-resident basophils expressed membrane-associated B cell activating factor belonging to the TNF family (BAFF) (Fig. 4f) , which was not accounted for by the low amounts of BAFF receptor expressed on these cells (data not shown), demonstrating the potential of lymph node-resident basophils to influence B cell survival and differentiation. Moreover, both lymph node- (Fig. 4g) and spleen-(Supplementary Fig. 13 ) resident basophils from Lyn −/− mice showed high MHC II expression. These findings indicate that Lyn −/− basophils upregulate CD62L expression and home to the lymph nodes and spleen, where increased expression of MHC II [32] [33] [34] , BAFF or both may allow communication with T and B cells.
Self-reactive IgE is associated with SLE and lupus nephritis
The cohort of subjects with SLE analyzed had large amounts of C1q-reactive CICs that can activate the classical complement pathway (Fig. 5a ), a feature previously described for subjects with SLE 2, 30 . Statistical analysis was by a twotailed unpaired Student's t test; *P < 0.05; **P < 0.01; ***P < 0.001. (b) dsDNA-specific IgE levels, as determined by semiquantitative ELISA. dsDNA-coated plates were incubated with sera from healthy controls and subjects with SLE (the same populations as in a). Data are means ± s.e.m.
(same n as in a) normalized to healthy controls. Statistical analysis was by a two-tailed unpaired Student's t test; *P < 0.05; ***P < 0.001. (c) IgEspecific IgG levels, as determined by incubating sera from healthy controls and individuals with SLE on human IgE-coated plates. IgE-specific IgG was detected with antibody to human IgG (Fcγ specific). Data are means ± s.e.m.
(same n as in a) normalized to healthy controls. Statistical analysis was by a two-tailed unpaired Student's t test; **P < 0.01. (d) dsDNA-specific IgE in sera of subjects with SLE classified on the basis of active nephritis (yes, n = 8) or not (no, n = 34) (see Supplementary Methods). Data are means ± s.e.m. Statistical analysis was by a two-tailed unpaired Student's t test. When analyzed relative to disease activity (on the basis of SLE disease activity index (SLEDAI) scores) 35 , C1q-reactive CICs were strongly elevated in mild (SLEDAI score of 1.0-4.0) and active disease (SLEDAI score of >4.0). Subjects with SLE also had self-reactive IgEs recognizing dsDNA, and the levels of these IgEs were associated with increased disease activity (Fig. 5b) . IgGs directed against IgE were also present in the sera of subjects with SLE, with significantly elevated levels in subjects with active disease (Fig. 5c) . High levels of dsDNA-specific IgEs were associated with active lupus nephritis (Fig. 5d) . Moreover, subjects with SLE had high total IgE levels, which were associated with disease activity, and showed a modest to strong IgG1, IgG3 and IgE autoantibody response (Supplementary Fig. 14a-c) . Thus, individuals with SLE have autoantibodies associated with T H 1-and T H 2-responses, and self-reactive IgEs and IgGs specific for IgE that are associated with increased disease activity and active nephritis.
SLE basophils express HLA-DR and home to lymphoid tissues
To investigate the activation state of basophils in individuals with SLE, we determined the expression of the marker CD203c, as it is upregulated in activated basophils 36 . All subjects with SLE showed high CD203c expression relative to healthy controls, indicating that their basophils are activated (Fig. 6a) . Expression of CD62L (Fig. 6b) and HLA-DR (Fig. 6c) was also elevated on SLE basophils, and were associated with increased disease activity.
The absolute numbers of basophils in the circulation was decreased in subjects with SLE (Fig. 6d) . Although this decrease was associated with immunosuppressive treatment (Supplementary Fig. 15 ), immunosuppressive treatment had no effect on the activation state of basophils (as indicated by the presence of HLA-DR). Of note, we found basophils in the lymph nodes and spleen of the two subjects tested with SLE, but not in control subjects without SLE (Fig. 6e,f) . The findings suggest that basophils in individuals with SLE are activated, home to secondary lymphoid organs and express the appropriate molecules for antigen presentation. This is associated with the presence of self-reactive IgE in individuals with SLE.
DISCUSSION
Although SLE has long been considered a B cell disease, self-reactive T cells that promote B cell class switching 37 , and other cell types such as dendritic cells and macrophages 38, 39 , have also been implicated in the disease, for example, through secretion of factors influencing B cell survival and differentiation, such as BAFF and a proliferationinducing ligand (APRIL) 40 . Here we demonstrate that basophils are contributors to the production of self-reactive antibodies in SLE. Our findings in Lyn −/− mice show that depletion of basophils or the absence of IL-4 or IgE causes a marked reduction in autoantibody production and preserves kidney function. This suggests that without basophils the levels of autoantibodies are insufficient to cause kidney disease. Thus, basophils function to amplify the preexisting loss of B cell tolerance.
Basophils have long been associated with allergy 41, 42 . However, the role of basophils in immunity remains unclear. The recent discoveries that basophils can induce T H 2 cell differentiation in vivo 18, 43 , amplify humoral memory responses 44 and present antigen via MHC II 32, 34, 43 , provide evidence of a role for this cell type in regulating T H 2 immunity. In the Lyn −/− mouse model, T H 2 skewing is driven by the absence of Lyn kinase in basophils, resulting in upregulation of GATA-3 in these cells and an enhanced production of IL-4 in vivo 18 . In humans, our preliminary analysis of the amount of Lyn in the basophils of a r t i c l e s 7 0 6 VOLUME 16 | NUMBER 6 | JUNE 2010 nature medicine subjects with SLE did not reveal substantial differences relative to healthy controls (data not shown). However, there is increasing evidence of a role for Lyn kinase in SLE, particularly in populations of European descent 23, 24 . Thus, further studies are required to determine the role of Lyn in human SLE. Of note is the finding that basophils contribute to the production of autoantibodies that cause lupus-like nephritis in the Lyn −/− mice. Activation of these cells caused enhancement of CD62L expression and their accumulation in the lymph nodes of Lyn −/− mice and in subjects with SLE. MHC II expression on mouse and human basophils was increased, and in mice we observed expression of membranebound BAFF, similar to what has been described in human basophils after engagement of IgD on their cell surface 45 . Depletion of basophils in Lyn −/− mice decreased the counts of splenic plasma cells and suppressed autoantibody production, which drives lupus nephritis 29, 30 . Depletion of basophils also reduced the production of IL-1β, IL-4, IL-6, IL-13 and IFN-γ in the kidney of Lyn −/− mice. Thus, a reduction in the proinflammatory milieu in the kidney suggests a possible therapeutic benefit from basophil inactivation or depletion.
Our findings show that IgE immune complexes can activate basophils, and removal of self-reactive IgEs that form functional CICs (by deletion of the Igh-7 locus or by eliminating IL-4 production) prevents kidney disease. These IgE-CICs were also associated with lupus nephritis in both Lyn −/− mice and human subjects with SLE. Since circulating IgE levels can be reduced by an existing antiallergy drug, omalizumab, an IgE-specific antibody that lowers circulating IgE levels and decreases FcεRI expression on basophils 46 , this drug may be of therapeutic benefit to patients with SLE with elevated IgE levels. Although in individuals with SLE the association of increased levels of dsDNA-specific IgE with increased disease activity and active lupus nephritis argues for a link between increased T H 2 responses and the development of nephritis, it is clear that T H 1-mediated responses are also found in this population. The presence of increased circulating IgG1 and IgG3 autoantibodies indicates a strong T H 1 component. This suggests that direct modulation of the T H 2 response, through the use of IL-4 and IL-13 receptor antagonists 47 , as a therapeutic strategy could have the unwanted effect of exacerbating disease by shifting toward a T H 1 (or possibly T H 17) phenotype. Nonetheless, as we did not find IgE-CICs in the kidneys of Lyn −/− mice (data not shown), it seems that these CICs do not contribute to the kidney pathology per se but instead play a part in basophil activation. Thus, the strategy of IgE or basophil depletion may avoid complications associated with altering the T H 1-T H 2 balance.
The view of SLE as a disease with a T H 2 component has been controversial. There is considerable evidence for the involvement of T H 1 and possibly T H 17 cells in SLE 11, 12, [48] [49] [50] , as well as for the alteration or loss of regulatory T cell activity 9, 51 . Some mouse models where spontaneous genetic mutations or alterations cause lupus-like disease, such as BXSB and MRL-Fas lpr mice, show a T H 1 cytokine IFN-γ−dependent disease. Deletion of the gene encoding IFN-γ in mice with these backgrounds was shown to eliminate disease 4, 49 . Nonetheless, it is less well known that many of the spontaneous mouse models of lupuslike disease have high circulating levels of IgE 52 , suggesting the possibility of a T H 2 component contributing to pathogenesis in these models. Humans with SLE showed both T H 1 and T H 2 responses, and both IgG-CICs and IgE-CICs were associated with increased disease activity. Several studies have suggested that the balance between T H 1 and T H 2 cell responses may determine the phenotype of lupus nephritis 3, [11] [12] [13] 48 . A strong T H 1 response was shown to be associated with diffuse proliferative lupus nephritis, whereas a dominant T H 2 response was associated with a membranous lupus nephritis 3, [11] [12] [13] 48 . These observations argue that both T H 1 and T H 2 responses can contribute to lupus nephritis, but the disease may manifest differently depending on the dominance of one or the other response.
Our findings show that basophils and the T H 2 environment influence the production of autoantibodies and that depletion of basophils or deletion of the Igh-7 or Il4 gene, in the context of Lyn deficiency, causes a reduction in the circulating levels of these self-reactive antibodies. In individuals with SLE, self-reactive IgE was associated with active disease and active lupus. Their basophils were active and were found in the secondary lymphoid tissues, of two tested individuals, where they may influence T and B cell function. Thus, our findings suggest the possibility that decreasing the circulating levels of selfreactive IgE or the dampening of basophil activity might have therapeutic benefit in lupus nephritis.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
